Mutants of the yeast Saccharomyces cerevisiae defective in the RAD17 gene are sensitive to ultraviolet (UV) and γ radiation and manifest a defect in G 2 arrest following radiation treatment. We have cloned the RAD17 gene by complementation of the UV sensitivity of a rad17-1 mutant and identified an ORF of 1.2 kb encoding a predicted gene product of 45.4 kDa with homology to the Schizosaccharomyces pombe rad1 + gene product and to Ustilago maydis Rec1, a known 3′→5′ exonuclease. The RAD17 transcript is cell cycle regulated, with maximum steady-state levels during late G 1 . The rad17-1 mutation represents a missense mutation that maps to a conserved region of the gene. A rad17 disruption mutant grows normally and manifests levels of UV sensitivity similar that of the rad17-1 strain. As previously observed with other genes involved in G 2 arrest (such as RAD9 and RAD24), RAD17 regulates radiation-induced G 1 checkpoints at at least two possible arrest stages. One is equivalent to or upstream of START, the other at or downstream of the Cdc4 execution point. However, the temperature sensitivity of the cell cycle mutant dna1-1 (a G 1 arrest mutant) is not influenced by inactivation of RAD17.
INTRODUCTION
Eukaryotic cells are capable of reversibly arresting cell cycle progression in order to allow time for completion of biosynthetic events pertaining to one cell cycle stage before initiating the next. Transition points that are sensitive to feedback controls have been termed checkpoints (1) (2) (3) . Damaged DNA can elicit checkpoint responses at various stages of the cell cycle. It has been widely suggested that checkpoint arrest provides increased time for DNA repair events. Hence, it is anticipated that a mutant defective in DNA damage-induced cell cycle arrest will manifest increased sensitivity to killing by one or more DNA damaging agents. Indeed, mutants defective in checkpoint control have been detected among the extensive collection of radiation-sensitive mutants isolated from the yeasts Saccharomyces cerevisiae (4) and Schizosaccharomyces pombe (5) . In the yeast S.cerevisiae this group includes mutants of the genes RAD9, RAD17, RAD24 and RAD53 (= MEC2/SAD1/ SPK1) (6) (7) (8) (9) . Additionally, radiation-induced cell cycle arrest in the G 2 phase of the cell cycle has been shown to be dependent on MEC3 and MEC1 (= ESR1/SAD3) (6) . The latter gene encodes a polypeptide with homology to the human ATM gene, which is mutated in ataxia telangiectasia patients (10, 11) . Of the mutants thus far tested rad9, rad24, rad53 and mec1 mutants are also impaired in G 1 arrest following treatment with UV or γ radiation (9,12,13; W.Siede, E.C.Friedberg and S.Elledge, unpublished results). RAD53 and MEC1, but no other member of this group, also control S phase arrest in response to inhibition of DNA replication by hydroxyurea (6, 9) . Additionally, the dramatic extension of S phase in cells treated with the alkylating agent methylmethane sulfonate (MMS) has recently been demonstrated to constitute an actively regulated checkpoint response that depends on MEC1 (14) .
Of the group of mutants specifically defective in radiation-induced cell cycle arrest rad17 mutants were among the first UV-sensitive mutants isolated from yeast (15) . These strains were also found to be sensitive to X-rays and MMS (16, 17) . Here we report cloning and characterization of the RAD17 gene. This has recently been independently achieved by others (18; D.Lydall and T.Weinert, personal communication). The RAD17 gene is cell cycle regulated and encodes a predicted protein of 45.4 kDa with homology to proteins encoded by the S.pombe checkpoint gene rad1 + and the Ustilago maydis gene REC1, a known 3′→5′ exonuclease. Additionally, we have mapped the rad17-1 mutation and demonstrate involvement of RAD17 in G 1 arrest.
MATERIALS AND METHODS

Yeast strains
The haploid yeast strains used are listed in Table 1 . To create a disruption of RAD17 we inserted the URA3 marker on a 1.565 kb NruI-SmaI fragment isolated from plasmid YCp50 into the PacI site of RAD17 in plasmid pUC19-RAD17, to generate plasmid pUC19-RAD17-URA3 (Fig. 1) . For transplacement of the chromosomal RAD17 gene by one-step gene disruption (19) the Restriction map and location of subcloned yeast genomic DNA plasmid inserts in relation to their rad17 complementing activity. The vector used was YCp50 unless indicated otherwise. Only a 3.6 kb subclone of the original 5.9 kb insert is shown; the full-length insert is present in plasmids pWSU171, pWSU171GR and pWSU172 (as indicated by the dashed extensions to the right). The location of the sequenced region, of the two probes used for Northern hybridization and the position of the rad17-1 mutation and the URA3 insertion are also depicted.
plasmid was digested with BamHI and transformed into strains SX46A, WS9110-3D and WS9121-1B. UV-sensitive URA + transformants were selected and verified by Southern blotting. Construction of the other strains has been described elsewhere (13) . The rad17-1 strain used for cloning was derived from a cross with JG17, a strain from the Yeast Genetic Stock Center (Berkeley). 
RAD17 cloning, plasmid manipulations and sequencing
The RAD17 gene was cloned by transforming strain WS9005/8 rad17-1 with a yeast genomic plasmid library and selecting for UV-resistant transformants. The library used here has been constructed in the centromeric plasmid YCp50 (20) . Yeast transformation was achieved by the lithium acetate method (21) . Plasmid rescue from yeast was performed as described (22) . General methods of yeast genetics and media recipes have been listed elsewhere (23) . Established methods of molecular cloning and plasmid manipulation were employed for subcloning (24) . The plasmids used are listed in Figure 1 , the vectors are YCp50, pUC19 or the integrating plasmid YIp5 where indicated. The DNA sequence of the fragment indicated in Figure 1 was determined by a primer walking strategy using Sequenase (Amersham) and a PCR-based methodology (Fentomol Sequencing Kit; Promega) with double-stranded plasmid DNA. In order to identify the rad17-1 mutation we rescued the entire RAD17 coding region from the rad17-1 strain used for cloning by gap repair onto a centromeric plasmid. To this effect plasmid pWSU171 was digested with MluI and XbaI ( Fig. 1 ) and transformed into strain WS9008/5 (rad17-1 ura3-52). Plasmids with restriction patterns indistinguishable from pWSU171 were isolated from the resulting URA + transformants. The failure of these plasmids to complement the UV sensitivity of the rad17-1 strain confirmed successful gap repair and transfer of the chromosomal, mutated RAD17 copy onto the gapped plasmid. Exchange of a 0.5 kb MluI-PacI fragment from the gap-repaired plasmid for the corresponding fragment from the wild-type plasmid fully restored the complementation activity of the plasmid and thus localized the rad17-1 mutation to the N-terminal half of the protein (Fig. 1) .
Determination of UV and γ-ray sensitivity
For quantitative UV survival tests appropriate dilutions of stationary phase cultures were spread on synthetic omission medium and irradiated with a 254 nm germicidal lamp. For semi-quantitative streak tests cells were resuspended in a small amount of sterile water, streaked across a plate and irradiated with a gradient of 0-40 J/m 2 UV. To determine γ-ray sensitivity logarithmic phase cells were plated and irradiated by a 137 Cs source (J.L.Shepherd & Ass.). 
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Cell synchronization and FACS analysis
Cell synchronization by the use of α-factor (Sigma), by temperature shift of cdc mutants and by treatment with nocodazole (Sigma) have been described previously (13) . Cell samples were withdrawn during post-irradiation incubation, fixed, stained and the cellular DNA content analyzed by flow cytometry on a Becton-Dickinson FACScan (13) .
Northern blotting
For detection of mRNA species among poly(A) + -selected RNA, total RNA was isolated from a 250 ml culture of logarithmic phase yeast cells (strain SX46A) using a hot phenol protocol (25) . Poly(A) + RNA was enriched by passing the isolated RNA through oligo(dT) spin columns (5Prime-3Prime Inc.) according to manufacturer's instructions. To study cell cycle regulation of mRNA levels, cells of strain SX46A were synchronized in G 1 by α-factor, released into fresh YPD and samples of ∼5 × 10 7 cells were withdrawn every 15 min during incubation at 30_C, washed and quickly frozen. After completion of the incubation period all cell samples were thawed and resuspended in 0.5 ml RNA Isolator (Genosys). Zirkonium beads (Biospec Products) were added and cells were lysed by fast vortexing (3 × 1 min). Further manipulations were as recommended by the manufacturer (Genosys). Equal amounts of RNA (as determined spectrophotometrically) were separated on formaldehyde-agarose gels and blotted onto Genescreen Plus membranes (New England Nuclear). Blotting, hybridization and washing conditions were as suggested by the manufacturer. As hybridization probes gel-purified DNA fragments were radioactively labeled using a commercial random primer kit (Boehringer Mannheim) and [ 32 P]dCTP. Two fragments were used (indicated as probes I and II in Fig. 1 ). Probe I was a RAD17-specific, 974 bp MluI-PstI fragment, probe II a 3.6 kb BamHI fragment that hybridizes to RAD17 and RPS12 mRNA and also to an uncharacterized transcript (TR X) used as a loading control.
RESULTS
Cloning of the RAD17 gene
Following transformation of a rad17-1 strain with a yeast genomic library in a centromeric plasmid we isolated a plasmid (pWSU171; Fig. 1 ) that fully complemented the UV and γ-ray sensitivity of the mutant (Fig. 2) . Fragments of the 5.9 kb insert were subcloned and a 3.6 kb BamHI fragment was found to be sufficient for complementation (plasmid pWSU174; Figs 1 and 2). Further subcloning defined the region necessary for complementation as a 2.7 kb HpaI fragment (pWSU175) which retained complementing activity when carried on an integrating plasmid (pWSU178). The region indicated in Figure 1 was sequenced (GenBank accession no. U37460) and two complete open reading frames (ORFs) were found. A database search identified one of these as identical to the gene encoding ribosomal protein S12 (GenBank accession no. U24143). The location of the second 1.206 kb ORF coincides with the region required for complementation of the rad17 mutant as (Fig. 1 ). This probe specifically hybridizes to RAD17 and RPS12 mRNA, as well as to TR X. Cells were synchronized in G 1 with α-factor and samples were withdrawn at the times indicated after release from α-factor arrest. At selected time points indicated by arrows DNA content was determined by flow cytometry.
defined by deletion analysis (pWSU176 and pWSU173; Fig. 1 ). In Northern blots with poly(A) + RNA isolated from a wild-type strain (SX46A) a probe derived from this region (974 bp MluI-PstI fragment, probe I in Fig. 1 ) hybridized specifically to a single ∼1.25 kb mRNA band (Fig. 3) .
We demonstrated genetic linkage of the cloned region to the gene mutated in rad17-1. The rad17-1 strain was transformed with the integrating plasmid pWSU178 and integration into the chromosomal region cloned in this plasmid was confirmed by Southern analysis in a UV-resistant URA + transformant (data not shown). The transformant was crossed with a rad17-1 ura3-52 strain of opposite mating type. The resulting diploid strain was sporulated and 2:2 segregation of UV-sensitive ura -:UV-resistant URA + spores was shown for 25 tetrads analyzed (data not shown). The identity of the ORF with the RAD17 gene was further confirmed by mapping and identification of the rad17-1 mutation (see below).
The RAD17 gene product
A database search for regions of identity (using the BLAST program provided by NCBI) revealed significant sequence similarities between the predicted RAD17 gene product (45.4 kDa) and those encoded by the S.pombe gene rad1 + (26) and the U.maydis REC1 gene (27) . One homologous stretch, which maps between amino acid residues 39 and 77 of Rad17, exhibits 26 and 23% identity to domains at similar locations in Rad1 and Rec1 respectively. (The regions in Rad1 and Rec1 are 33% identical to each other.) The most conserved region is located between amino acid residues 103 and 144 in Rad17, 110 and 153 in Rad1 and 236 and 279 in Rec1, with 36% identity between Rad17 and Rad1, 40% identity between Rad17 and Rec1 and 27% identity between Rad1 and Rec1. We derived the apparent motif YxGxGxPxxxxxE shared by all three proteins in this region. A database search revealed this motif in a predicted protein of unknown function encoded by the ORF YKH4 identified through the yeast genome sequencing project. We also identified a repeated cluster of amino 
Cell cycle regulation of the RAD17 transcript
The sequence ACGCGTAAA at nucleotide positions -96 to -89 relative to the translation start site of the RAD17 gene matches the MluI cell cycle box (MCB element, consensus ACGCGTNA) that confers specific gene expression in late G 1 to many DNA synthesis-related genes, including POL1 and CDC9 (28) . To directly confirm such regulation for RAD17 we synchronized haploid wild-type cells in G 1 with α-factor, released the cells from α-factor arrest into fresh medium and prepared total RNA from samples taken every 15 min. Synchrony of the first cell divisions was confirmed by flow cytometric determination of DNA content (Fig. 4) . We observed reproducibly significant fluctuations of RAD17 mRNA levels that peaked in cells in late G 1 (Fig. 4) . Such a pattern was not observed with two control transcripts (RPS12 and TR X) which hybridize to the same probe (probe II in Fig. 1 ),
The rad17-1 mutation
We mapped the region of RAD17 containing the rad17-1 mutation by gap repair to a 500 bp MluI-PacI fragment, as described in Materials and Methods. A single GC→AT transition was detected, resulting in substitution of the amino acid Glu by Lys at position 127. We also created a disruption of RAD17 by inserting the URA3 gene into the PacI site of the wild-type RAD17 gene (Fig. 1) , immediately downstream of the residue altered in rad17-1. Both the point mutation and the disruption conferred comparable levels of sensitivity to UV radiation (Fig. 2) . The disruption mutant did not manifest a significant growth defect.
RAD17 is involved in radiation-induced checkpoint arrest in G 1
Yeast cells respond to UV and γ radiation by arrest in G 2 as well as in G 1 (4) . To date all mutants reported to be defective in G 2 arrest are also defective in G 1 arrest (9,12,13). We examined checkpoint control by comparing the rad17 disruption mutant described above with the isogenic wild-type strain. This genetic background was used previously to characterize defective G 1 arrest in rad9 and rad24 mutant strains (12, 13) . Cell cycle progression was determined by FACS analysis following irradiation of cells synchronized in G 1 by α-factor arrest. The rad17 disruption mutant showed a response similar to that previously observed with rad9 and rad24 checkpoint mutants. At sufficiently low doses of UV radiation there was no delay in cell cycle progression in the mutant, whereas the wild-type strain showed arrest at a stage characterized by a G 1 DNA content (Fig. 5 ). Higher doses resulted in some delay of S phase progression in the mutant. However, cell cycle progression was still accelerated compared with the wild-type strain (Fig. 5) . Similar observations were made with γ-irradiated cells (Fig. 6 and data not shown) .
The precise point of the G 1 phase at which cells arrest cannot be defined by analysis of DNA content alone. We previously showed that haploid yeast cells are capable of arresting cell cycle progression in the presence of DNA damage at at least two stages during the G 1 /S transition (13) . One is equivalent to or prior to START, while the other maps at or downstream of the Cdc4-mediated execution point. Yeast cells at or before the START point of the cell cycle are sensitive to pheromone (29) . We therefore tested whether cells arrested by radiation treatment retain their susceptibility to cell cycle arrest by α-factor and whether this response is absent in rad17 mutant cells. To this end we added α-factor and the microtubule inhibitor nocodazole (to prevent re-entry of G 2 cells into G 1 ) to an irradiated culture previously synchronized with α-factor following 45 min post-irradiation incubation (Fig. 6) . After a further 60 min incubation the fraction of α-factor-sensitive cells at the time of addition could be evaluated, since all α-factor-resistant cells had acquired a G 2 DNA content during this period (Fig. 6) . As described previously (13) , this fraction of α-factor-sensitive cells was larger in the γ-irradiated wild-type culture than in the untreated cultures. However, it was approximately the same in both the treated and untreated rad17 mutant cell cultures (Fig. 6) , indicating a defect in arrest at START. Similar results have been reported for rad9 mutant cells (13) .
A possible additional defect in rad17 cells in checkpoint arrest during G 1 /S transition downstream of START was explored using a different method of synchronization. We introduced the rad17 disruption mutation in a cdc4 mutant strain. Upon incubation at 36_C cdc4 strains arrest as budded cells during the G 1 /S transition, downstream of START but prior to the time of replicon initiation. cdc4 and cdc4 rad17 cells were synchronized at the CDC4 execution point by incubation at 36_C, γ-irradiated (or mock treated) and released at 30_C. As shown previously, haploid yeast cells irradiated in this stage maintain radiation-induced cell cycle arrest with a G 1 DNA content and the RAD9 dependency of this response defined a G 1 /S checkpoint at or downstream of the CDC4 execution point (13) . rad17 (and rad24) mutant cells manifested a defect in this checkpoint response similar to that observed in rad9 mutant cells (Fig. 7) . Identical results were observed using UV irradiation (data not shown).
The rad17 mutation does not increase the temperature sensitivity of a dna1-1 mutant
We previously reported that temperature shift of a dna1-1 mutant (30) to 36_C results in arrest in G 1 which is dependent on a functional RAD9 gene (13) . A Dna1 rad9 mutant exhibits enhanced lethality following transient incubation at 36_C and the maximum temperature that permits growth is reduced compared with a dna1 RAD strain (13; Fig. 8 ). However, this phenotype was not observed when dna1 was combined with rad17 or rad24 mutations. These double mutants arrested normally after temperature shift and did not show increased sensitivity to incubation at restrictive temperatures or a lowered maximal permissive temperature (Fig. 8) .
DISCUSSION
Checkpoint arrest in G 2 as a response to DNA damage in S.cerevisiae depends on multiple gene products. The genes thus far characterized include RAD9, RAD17, RAD24, RAD53 (=MEC2= SPK1), MEC1 (=ESR1=SAD3) and MEC3 (4, (6) (7) (8) . Of this group RAD53 and MEC1, but not RAD9, RAD17 or RAD24, are also involved in S phase arrest triggered by inhibition of DNA replication (6, 9, 31) . We have isolated the checkpoint gene RAD17 by complementation of the UV sensitivity of a rad17-1 mutant with a yeast genomic plasmid library. The predicted gene product (45.4 kDa) shares homology with the known checkpoint gene rad1 + of S.pombe (26, 32) . Structural similarity of a checkpoint gene between Figure 8 . The temperature sensitivity of a dna1-1 strain is enhanced by inactivation of RAD9, but not RAD17 or RAD24. Equal amounts of stationary phase cells of strain WS9121-1B (dna1-1 RAD) and of isogenic rad9, rad17 and rad24 disruption/deletion mutants were spread on YPD plates and incubated at 23, 30, 33 or 36_C (A) or incubated for 30 h at 36 and then at 23_C (B).
these distantly related yeasts hints at the conservation of checkpoint pathways among eukaryotic cells. Rad17 is also homologous to the REC1 gene product of U.maydis (27, 33) . Homology between Rad1 and Rec1 had been noted previously (26, 32) .
Rad1 + of S.pombe is required for radiation-induced G 2 arrest and, in contrast to S.cerevisiae RAD17, also for arrest in response to inhibition of DNA replication by hydroxyurea (5, 34) . However, the function of Rad1 in the replication checkpoint can be mutationally separated from its role in DNA damage checkpoints and in UV and γ-ray resistance (35) . The complex phenotype of rec1 mutants of U.maydis includes sensitivity to UV and ionizing radiation and to alkylating agents, lethal sectoring in mitotic cells, frequent aberrant meiosis, elevated frequencies of spontaneous mutation and mitotic recombination and reduced radiation-induced mutagenesis and gene conversion (36) (37) (38) (39) . A defect in checkpoint arrest has not yet been reported. A 3′→5′ exonuclease activity of the REC1 gene product has been characterized (40) . Analysis of truncations of the Rec1 protein mapped the exonuclease activity to the C-terminal half of the protein. Decreased exonuclease activity of the altered proteins correlated with enhanced spontaneous mutation rates, but not with radiation sensitivity of the corresponding mutants (27) .
We identified the rad17-1 allele as a missense mutation resulting in a Glu→Lys substitution at amino acid 127. Exchange of the negatively charged Glu for the positively charged Lys residue may disrupt the function of Rad17 protein. The rad17-1 mutation confers a level of UV sensitivity that is comparable with that conferred by disruption of the gene immediately downstream of the site of the point mutation. The point mutation maps to a region of the protein that is homologous with Rec1 and Rad1, although the altered residue itself is not conserved in Rad17. An in-frame deletion in Rad1 in a region located immediately downstream of the corresponding residue mutated in Rad17-1 results in partial sensitivity to UV and γ radiation and a partial checkpoint defect (35) . Substitutions further upstream do not confer such sensitivity.
As is true of many genes involved in DNA synthesis, RAD17 mRNA expression is cell cycle regulated, with maximal expression in late G 1 (28) . Among yeast genes with a role in DNA repair this type of regulation is shared with the DNA ligase gene CDC9 (41), the checkpoint gene RAD53 (42), the recombinational repair genes RAD51 (43) and RAD54 (44), the mismatch repair genes MSH2 and PMS1 (45) (46) (47) and the RAD27 gene (48) . The latter encodes a structure-specific endonuclease activity with a possible role in repair of insertion mismatches (49) .
With the exception of MEC3 (which has not yet been tested), all genes known to control radiation-induced cell cycle arrest in G 2 are also involved in checkpoint arrest in G 1 (4, 9, 12, 13, 48 ; W.Siede, S.J.Elledge and E.C.Friedberg, unpublished results). In this respect the rad17-1 mutant behaves very much like rad9 and rad24 mutants. The rad17-1 mutant is defective in checkpoint arrest at at least two stages during G 1 /S transition; one located upstream of or at START, the other downstream of or at the CDC4 execution point. It is remarkable that RAD17-dependent arrest at START coincides with a stage where RAD17 mRNA expression is at a minimum. Thus it would appear that regulation of RAD17 expression does not reflect its checkpoint function and this observation argues for multifunctionality of Rad17 protein. However, the possibility that RAD17 is DNA damage inducible has not yet been studied.
An overlap between G 1 and G 2 arrest genes is consistent with a common DNA structure-related signal that triggers a cell cycle stage-independent surveillance system to evoke arrest at the next possible physiological arrest stage. Several lines of evidence suggest that in yeast and mammalian cells DNA strand breaks or some derivative of such breaks are the critical signal (4, 13, 18, 50, 51) . For example, we were unable to demonstrate the existence of RAD9-dependent G 1 arrest in UV-irradiated cells defective in the incision step of nucleotide excision repair (NER) (13) . The homology between Rad17 and Rec1 (a known 3′→5′ exonuclease) suggests a similar function for Rad17 protein and, hence, a possible requirement to process single-strand breaks to gaps or double-strand breaks to single-stranded tails. Indeed, Rad9-dependent cell cycle arrest following temperature shift of a cdc13 mutant correlates with the appearance of single-stranded DNA near telomeres (52) . On the other hand, as shown here, G 1 arrest in UV-irradiated cells that are proficient for NER is still dependent on Rad17, even though the NER system is expected to generate single-stranded gaps in DNA. Conceivably gaps generated during NER are too short or too transient and require further processing by exonucleolytic degradation in order to serve as a checkpoint triggering signal. Alternatively, binding of a catalytically active Rad17 protein to a DNA end may be required to initiate the checkpoint response. In the absence of any experimental demonstration of exonuclease activity of Rad17 protein these ideas remain speculative. Furthermore, rad17 mutants have been insufficiently characterized to provide functional homology between Rad17 and Rec1 at the present time. During the preparation of this manuscript the cloning of RAD17 was reported by others, the absence of an exonuclease activity in a related mutant (rad24) was confirmed and a model was proposed which is in general agreement with the concepts outlined here (18) .
The rad17 and rad24 mutants differ from rad9 mutant strains with respect to their interaction with the dna1-1 mutant. After temperature shift of a dna1-1 mutant [30; note that this 'dna1' mutant is different from dna1 = cdc22 described by others (53) ] lethality in a rad17 mutant background was not enhanced and the restrictive temperature was not reduced. Why does inactivation of RAD9 specifically enhance the thermosensitivity of a dna1-1 strain? This situation may parallel the interaction of rad9 with the late S/G 2 arrest mutant cdc13 (18) . Temperature shift of this mutant results in the appearance of single-stranded DNA in telomere regions (52) . This effect is accelerated in rad9 mutants, as is lethality during incubation at restrictive temperatures, but is delayed or absent in rad24 mutants. It has been suggested that Rad9 may act as an inhibitor of an exonuclease activity (possibly encoded by RAD17) which exposes single-stranded DNA to generate the checkpoint activating signal and that uninhibited exonuclease activity results in the observed enhanced lethality (18) . The DNA1 gene has been shown to encode the second largest subunit of RNA polymerase I (A.Sugino, personal communication). Exonucleolytic processing of DNA might result from inhibition of protein synthesis during G 1 /S transition after temperature shift of the dna1 mutant. Alternatively, it is tempting to speculate that interactions may exist between checkpoint components and ribosomal proteins or rRNAs that are dependent on Dna1 activity and if disturbed may result in activation of exonuclease activity and cell cycle arrest. The mammalian tumor suppressor gene product and G 1 checkpoint determinant p53 has been shown to form a complex with ribosomal components (ribosomal protein L5, 5S RNA and possibly 5.8S RNA) (54) . This could be the biochemical basis for the phenomenon termed 'adaptation', during which cells fail to undergo checkpoint arrest and succumb to metabolic signals that promote cell cycle progression (50, 55) . Accumulation of ribosomal components may be a means of overriding checkpoints by binding components of the checkpoint signal/transduction pathway, such as Rad17 in yeast or p53 in mammalian cells.
